ABSTRACT
period was 12.5 days and the rats were killed approximately 48 h after returning to I g. Five other rats that were housed in cages similar to those used by the flight rats were maintained at 1 g for the same period of time to serve as ground-based controls. distributions, it appears that the a-glycerophosphate dehydrogenase (GPD) activities were elevated in the dark ATPase fibers in the So!, whereas the light fibers in the Sol and both fiber types in the MG did not appear to change. 
RESULTS

Cross-sectional area
Mean Sol wet weights of the flight and control rats were 130 and 153 mg, with the muscles from the flight rats weighing approximately 15% less than control. On the other hand, the mean CSAs in the So! were about 46, 39, and 4.0% (P < 0.05) smaller in the light, dark, and intermediate fibers in flight than control rats ( Table 1 ). The mean MG wet weights of the flight rats were approximately 16% smaller than control, i.e., 635 and 755 mg, respectively.
The mean GSAs of the light and dark ATPase fibers of the deep region of the MG were 17 and 28% smaller (P < 0.05) than control, while the dark ATPase fibers in the superficial region of the MG were 15% smaller (P > 0.05) than control ( Table 2) . Based on the population distribution of each of the ATPase fiber types in the Sol ( Fig. 1) and MG ( Fig. 2) , there appeared to be a general shift toward smaller CSAs in each fiber type, as opposed to a shift in a specific portion of the population of fibers. For example, although the general shape of the population distributions did not change noticeably, the distributions clearly shifted toward smaller fibers (Fig. 1) . The distributions of each type of fiber in the So! showed a convergence to CSAs ranging from about 1500 to 4000 tm2. This convergence was also evident in the mean values shown in Table 1 . The distribution of CSAs, however, suggested that the larger fibers within each type were affected the most. In the So! of control rats, the light ATPase fibers were significantly larger than the dark ATPase fibers (Table 1) . This difference was maintained after flight. In the MG of control rats, the dark fibers in the superficial region were significantly larger than either fiber type in the deep region (Table 2) . Again, these relationships were maintained after flight. Table 1 ). The numbers of fibers and rats are shown in Table I .
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Succinate dehydrogenase activity
Mean SDH activity was unchanged for each of the ATPase fiber types in the So! (Table 1 ). There were also no obvious shifts in the population distributions for SDH activity in any of the ATPase fiber types (Fig. 3) .
Assuming no change in specific enzyme activity, the integrated SDH enzyme activity (an estimate of the total SDH activity of a fiber) was significantly lower in the flight than control rats in each ATPase fiber type of the Sol (Table 1 ). In the Sol of both the control and flight rats, the SDH activities were higher (P <
in both groups fell between the mean activities of the dark and light ATPase fibers. In the MG, the mean SDH and integrated SDH activities remained at control levels in the flight rats for each ATPase fiber type (Table 2) . Although the distribution is not shown, there also was no indication that SDH activity shifted in any obvious manner. In both Figure 2 . Frequency distributionsof CSA for fibersof control and flight rats that stained light or dark for myosin ATPase, alkaline preincubation, in the deep region and dark for myosin ATPase in the superficial region of the MG. The mean CSAs of the flight rats were significantlysmaller than control in the fibersof the deep, but not the superficial,region (P < 0.05, Table 2 ). The numbers of fibersand rats are shown in Table 2 . There were no significant differences between groups for any fiber type category (Table 1 ). The numbers of fibers and rats are shown in Table 1. the control and the flight rats, SDH activities were similar in the light and dark ATPase fibers in the deep region, whereas the dark fibers in the superficial region had activities that were significantly lower than either of the fiber types in the deep region.
at-Glycerophosphate dehydrogenase activity
The GPD activities in the light, intermediate, and dark ATPase fibers of the Sol of flight rats were not statistically different from those of control rats (Table 1) . Although the mean GPD in the dark ATPase fibers was 76% higher in flight rats than in control rats, this difference was not significant at the 0.05 level of probability due to the large interanimal variability. Based on the population distributions, it appears that there was a general shift toward higher activities in the dark ATPase fibers; i.e., 23% of the fibers in the flight rats had higher activities than the highest control values (Fig. 4) were more similar to the distribution of the light than the dark ATPase fibers. In the control rats, the intermediate ATPase fibers had a distribution that corresponded more closely to the dark ATPase fibers (Fig. 4) . In the So! of control rats, the GPD activities of the light and dark ATPase fibers were similar (Table 1) . After flight, there was almost a threefold difference, with the dark ATPase fibers having significantly higher activities than the light ATPase fibers. There were no significant changes in GPD activity associated with flight in any of the ATPase fiber types in either the deep or superficial regions of the MG (Table 2) . After flight, however, the GPD activities were similar in the dark fibers of both regions of the MG. The mean GPD activities of the dark ATPase fibers in the deep and superficial regions of the MG of the control rats were 7 and 10 times higher (P < 0.05) than those of the light ATPase fibers ( Table 2 ). In addition, there was a significant regional difference in the GPD activities of the dark fibers. The integrated GPD values of each ATPase fiber type in both muscles were similar in the control and flight rats (Tables 1 and 2 ), suggesting that there was no change in the total amount of GPD activity per fiber. This finding is quite remarkable, particularly for the Sol, given the marked atrophy that occurred with spaceflight.
Enzyme activity ratios
In control rats, the GPD/SDH ratio in the So! was higher in the light than the dark ATPase fibers. After flight, the GPD/SDH activity ratios were significantly elevated in the dark but not in the light or intermediate ATPase fibers. Further, the dark ATPase fibers had the highest ratio, reflecting the large effect of flight on this fiber type.
In the MG, the GPD/SDH ratios were similar in the control and flight rats. The magnitudes of the ratios were light ATPase, deep region <dark ATPase, deep region <dark ATPase, superficial region, with the mean ratios between regions and type being 1:11:41 in the control rats and 1:6:28 in the flight rats (Table 2) .
Immunohistochemistry and myosin ATPase staining
Immunohistochemical reactions were studied in the So! of four control and four flight rats ( Table 3 ). An antibody specific for the slow myosin heavy chain and an antibody specific for the fast heavy chain of myosin were used (23). Based on these antibody reactions, fibers were separated into a slow type (reacting only to the slow myosin antibody), a fast type (reacting only to the fast myosin antibody), and a slow-fast type (reacting to both slow and fast myosin antibodies). Using this approach, 78 and 60% of the So! fibers expressed only slow myosin, whereas 8 and 31% of the Sol fibers reacted to both slow and fast myosin antibodies in the control and flight rats, respectively ( Table 3 ). The remaining fibers, i.e., 14 and 9% in the control and flight rats, reacted only to fast myosin antibodies.
In 'n, Number of muscle fibers;+ , positive reaction with myosin heavy-chain antibodies; Light, light staining for myosin ATPase; Dark, dark staining formyosin ATPase. Based on chi square analyses, the proportions of fibers that reacted positively for the slow or fast or both slow and fast myosin heavychain antibodies differed between the control and flight rats (P <0. 05).
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A sample of fibers identified as reacting to both slow and fast myosin antibodies from two control and two flight rats was examined. (1-13) . The decreased muscle mass observed in the present study is consistent with these reports. While both the Sol and MG muscles of the flight rats atrophied rapidly and severely, based on fiber CSA changes the degree of atrophy varied among the muscles;
i.e., the Sol fibers atrophied approximately twice as much as the MG fibers.
Further, in the MG, the atrophy of the dark ATPase fibers in the superficial region was 15% (P > 0.05), compared with 28% (P < 0.05) in the dark ATPase fibers of the deep region.
This differential response to weightlessness of muscle atrophy as defined by fiber CSA among muscles and muscle regions was reported previously in rats after 7 days of spaceflight (5, 11) and is similar to the response to hind limb suspension (15-17). In the present study, it appears that the degree of atrophy as indicated by muscle weight was much less than suggested by fiber CSA. Further, these muscle weight data indicate that the amount of atrophy was similar in the Sol and MG. However, it is probable that the muscle weights reflected an edematous state related to the 2 days of caged activity at 1 g after the 12.5-day flight and before tissue removal. Support for the view that these muscles were probably edematous is provided by Baldwin et al. (24), who report a 23% loss in the wet weight of the vastus intermedius (a predominantly slow muscle) but a 46% decrease in total myofibrillar protein per muscle. Further, the myofibrillar protein per gram of wet weight was reduced by 34%. Similarly, Martin (25) showed a 56 and a 38% decrease in total protein in the Sol and adductor longus muscles (both consist predominantly of slow fibers) in response to a 7-day spaceflight followed by approximately II h at 1 g. These decreases in total protein were noticeably higher than the apparent atrophy based on muscle weight, i.e., 37 and 27% for the Sol and adductor longus muscles. Finally, after in situ experiments in which there was unilateral stimulation of the Sol of hind limb-suspended rats, the wet weight of the stimulated muscle exceeded the wet weight of the unstimulated contralateral muscle by as much as 36% (26). All of these data clearly suggest that short-term loading of a previouly unloaded muscle can result in an edematous state in the muscle.
A direct comparison of the fiber size changes in a 7-day shuttle flight (SL3) (5) and the 12.5-day Cosmos 1887 flight can be made since the same muscles were studied using identical procedures in the same laboratory. The decrease in fiber CSA of the Sol in the SL3 rats was 35%, compared with 43% in the present Cosmos study. The fibers in the MG atrophied 16% in the SL3 rats and 20% in the Cosmos rats. In addition to the specificity of the effect of spaceflight based on muscle, muscle region, and fiber type, there appears to have been a differential effect of spaceflight on various muscle proteins.
Similar findings were reported for the SL3 rats after a 7-day flight (5 while the SDH activity per fiber (concentration) remained at control levels (Table 1) . Using the same rationale, there was no net loss of SDH in any ATPase type in either region of the MG of the flight rats. In the Sol, the net loss of SDH per fiber (ISDH) was about twice as great in the present Cosmos study as in SL3 (5). Obviously, an important question in considering the effects of long-term spaceflight is whether there is some time when these proteins and the cell volumes return to a normal or a new homeostatic state. A shift in the lactate dehydrogenase (LDH) isoform profile of the Sol from the H isoform toward the M isoform has been reported in rats after flight (9). These glycolytic enzyme data are consistent with the present study in that following flight the slow muscle, the So!, tended to demonstrate metabolic characteristics that are more typical of the fast muscle, the MG. The GPD data suggest that some fibers after flight may have an elevated capacity to utilize carbohydrate-derived carbon sources.
It is of interest to note that the glycogen content of both the Sol and extensor digitorum longus was elevated in SL3 flight relative to control rats (27), even though the rats had remained at 1 g for about 11 h after the 7 days at 0 g before being dissected.
Consequently, it appears that in some fibers the capacity to store and utilize glycogen is enhanced after spaceflight. In SL3 rats there was an increase in the biochemically assayed myofibrillar ATPase activity of a homogenate of the flight Sol (5 Vol. 4 Jan. 1990
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